This paper presents the tolerance budgeting for the coarse assembly step in a novel coarse-fine strategy for micro-assembly. The final assembly step is to be performed using MEMS-based fimctionality that remains part of the product. Total tolerance build-up due to the coarse assembly and dimensional inaccuracies has been determined for the alignment of a single mode optical fibre to a laser diode, a challenging problem in optical telecommunication.
INTRODUCTION
The purpose of this paper is to discuss key issues concerning the coarse assembly step in a novel coarse-fine strategy for micro-assembly, of which the feasibility is being investigated in a structured approach. The need for reducing effort related to the handling of small parts explains the idea for focusing on quite different methods for assembly'. This research focuses on the investigation of the method of micro-assembly by means of prodzrctinternal assembly functions. In this method assembly functionality is created, which is integrated with the product to be assembled, and which remains as part of the product. This functionality includes part actuation, position sensing and part freezing. The method is applied in a two-stage process. In the first stage coarse positioning of components is achieved using productexternal assembly functions, typically by a (semi) automatic production machine or a human operator. The final, accurate positioning is performed on basis of product-internal assembly functions. Overall, this aims to result in lower total production cost and/or improved product quality. Micro Electro Mechanical System (MEMS) technology has been selected for use as supporting fabrication technology, because of the small attainable feature sizes and very high accuracy, and it is potentially low-cost due to its possibility of batch-wise processing. The potential use of MEMS-based structures for the purpose of micro-assembly has been reported on before (e.g. by sy1ns2), but its feasibility has never before been investigated in a structured approach. In this investigation it is the aim to research all aspects that influence under which circumstances product-internal functionality can be used for the assembly of that particular product. This paper mainly deals with issues related to the coarse assembly and with the interactions between the coarse and fine assembly functionality/steps, which play an important role within the method of micro-assembly using product-internal assembly functions, and which are closely connected with a high level of complexity. Describing this complexity and the possible choices with their accompanying consequences is the aim of this paper. Investigating these issues is considered very relevant for the attainability of success for the concept, and at the same time it can provide a broader insight in the assembly process in general.
APPROACH
The approach that is taken for the described exploratory research is that of a case investigation. The industrial case considered for investigation is the alignment of a single mode optical fibre to a laser diode, which is a challenging problem in optical telecommunication and sensing applications. This is embedded in the small dimensions of the laser output waveguide (typically 2 pm x 0.4 pm) and the optical fibre (8 pm core diameter; overall fibre diameter: 125 pm). Alignment accuracy in the order of 0.1 pm in the lateral dimension has to be maintained to achieve sufficient coupling efficiency over the economic lifetime of the system. Highly expensive machines or delicate manual handling are normally employed for the needed alignment and fixation steps, which last typically in the order of minutes. Normally, this is performed using active alignment, i.e. alignment while measuring the optical performance efficiency of the assembly.
In the project a number of concepts for thermal actuation of the fibre tip in one or two degrees of freedom perpendicular to the fibre optical axis have been developed. One of these developed concepts is used as starting point for the investigation of the coarse assembly process. This concept, which is depicted in Figure 1 , concerns a horizontal planar layout in which the fibre is placed in an in-plane groove allowing two integrated thermal actuators to move the fibre tip in-and out-of-plane independently. The entire device is built up from one monolithic part, with silicon as base material. For its realisation highly accurate IC-compatible lithographical processing is used.
Flgure I. MEMS-based actuator concept for fibre tip positioning used as starting point in the coarse assembly investigation.
The first MEMS-based demonstrators for positioning the fibre in two degrees of freedom perpendicular to the fibre axis have readily been fabricated and are employed for investigating of (part of) the aspects listed here above. A more in-depth treatment of the design process has been covered in a previous publication3. A close-up SEM image of a fabricated fibre actuation structure is shown in Figure 2 . The typical length of the actuators is around 1800 pm, with a total travel distance of 15-20 pm in the directions perpendicular to the fibre axis. The final fine fixation is also under investigation within the project, but this aspect is not topic of the present paper. The tentative choices that have been made for the specific case under consideration will be presented in detail. Aim of the investigation is to develop micro-product and micro-assembly guidelines that have broader application than the specific optoelectronic case considered.
TOLERANCE ANALYSIS FIBRE-CHIP COUPLING
Tolerance build-up is the overall result of all decisions concerning the configuration, fabrication and assembly of the device. This section will successively deal with all three items for the specific case under consideration.
Configuration
In practice, positioning a part cannot be seen separately from its immediate environment. A position relation always must be established with respect to another part or to a base structure. In the case considered the important position relation is the optical path between the single mode fibre tip and the laser diode exit facet. For functional reasons it is not possible to connect both parts directly to each other. Instead this position relation needs to be established indirectly, thereby creating a part stack of which the tolerance build-up must be controlled such that the accuracy of the optical path remains within the desired range for each individual degree of freedom. A conventional layout is presented in Figure 3 . A commonly used base structure (or sub mount) is copper due to its good heat conductivity. Optionally a diamond heat spreader is positioned in between the copper sub mount and the laser diode for even better heat regulation capabilities. It was found that the copper-diamond stack could be replaced with a single silicon layer without negatively influencing the thermal properties too much. Thereby opening up the possibility of creating lithography-based alignment features on the sub mount or potentially even integrating the sub mount and the actuator part into one single silicon part, which is from assembly point of view the most attractive alternative. However, integrating all assembly functionality into a single silicon component with the required accuracy using MEMS-based technology is very challenging. For this reason it was decided to focus on an assembly solution with separate silicon base part and actuator part (see Figure 4 for a schematic representation of this layout). 
Fabrication and assembly related issues
Beside the configuration other tolerance build-up influencing components are fabrication and assembly related: dimensional inaccuracies, ranges of product-internal assembly process, parasitic tolerance build-up induced by internal actuator (only in the directions that are not fine positioned by the product-internal assembly functions), positioning inaccuracies, and shifts due to the fixation process. In the remaining part examples will be provided of each.
Functional accuracy requirements
As mentioned previously, the alignment tolerance between the laser diode and the fibre tip is very critical in the directions perpendicular to the fibre axis (* 0.1 pm). According to the sign convention generally used in fibre to laser diode alignment these are the x and y-directions, see Figure 5 . Naturally, the required accuracies are not the same in all directions. An overview of the required tolerances in all degrees of freedom is presented in the first column of Table 1 . All values are displayed in upper (positive number) and lower (negative number) specification limits. 
Consequences product-internal assembly functionality
As starting point for the coarse assembly investigation an actuator chip concept has been taken that is capable of positioning the fibre tip in the x and y-directions perpendicular to its optical axis. Although the required accuracy in z-direction is also quite strict, this limitation is made to control the complexity in fabrication of the MEMS-based fine assembly functionality to a manageable level.
The limited attainable complexity of (MEMS-based) fine assembly solutions has as a consequence that the coarse assembly functionality needs to take care of the final positioning in the remaining degrees of freedom. The attained positioning accuracy in these degrees of freedom should be at least equal to the required accuracy in these directions. For the other degrees of freedom this should at least be sufficient to enable successful final positioning by the product-internal micro actuation functionality.
The maximal correction by the product-internal actuators is 15-20 pm, but due to the fact that fine alignment of the fibre tip takes place by bending of the fibre end, unwanted parasitic tolerance build-up is induced in some of the unactuated directions. Of these, the rotations 0, and 0, of the fibre around the x and y-axis are considered not negligible and are in the order of 0.5" in the negative direction, see columns 2 and 3 in Table 1 .
Dimensional inaccuracies
In order to be able to design the product-internal and the coarse assembly process, knowledge needs to be gathered on dimensional accuracies of all parts within the optical assembly stack. The optical assembly stack consists of a silicon sub mount, a GaAs distributed feedback (DFB) laser, a productinternal actuator chip and a single mode optical fibre. The intermediate bonds between these parts (where applicable) also account for part of the tolerance build-up, but these will be treated separately. The contributions of the individual parts to the total tolerance build-up due to dimensional accuracies are in a comparable range. For example, the tolerances on the outer dimensions of a typical laser diode are quite large, =t 10 pm, due to the fabrication processes used, but these are normally not employed in the assembly process. Instead, fiducial marks are used for the positioning of the laser diode in the horizontal plane, which are made using lithography with a typical accuracy of i 1 pm relative to the laser facet. When the laser diode is placed with the laser facet close to the bottom side ('junction-down'), then the position of the laser facet can vary only as much as i . 2 pm in ydirection.
For the actuator part and the silicon base part, the tolerances in x and y direction are also IC processing-based, and are therefore both in the same range as for the laser diode facet, + 1 pm and + 2 pm respectively.
Most tolerance build-up in the optical fibre is in the x and y direction due to core-cladding eccentricity. Maximal tolerance build-up between core and cladding is calculated to be i 1.5 pm.
In the dimensional inaccuracy analysis the z-direction is not taken into account since the final accuracy in this direction will be achieved by positioning the fibre tip directly relative to the laser diode facet. Therefore any dimensional inaccuracies of the components are insignificant for reaching the accuracy in this direction. The cumulated tolerance build-up due to dimensional accuracies is displayed in column 4 of Table 1 . The rightmost column represents the maximum allowed tolerance build-up of the coarse assembly process. This can be read as a requirements list for the coarse assembly process; the coarse assembly process must comply with these limits in order to hlfil the overall assembly demands. It can be clearly seen that the demanded accuracy in the z-direction is now by far the most critical and is likely to deliver the largest challenge for the coarse assembly process.
3.2.4
Passive alignment structure fabrication
Besides meeting the specific accuracy requirements cost is the main driving factor for the decision which positioning solutions will be employed for the individual degrees of freedom. The addition of product-internal assembly functionality is expected to increase the assembly cost, therefore it is argued that a more low cost coarse assembly process must be developed to achieve an overall cost-effective assembly alternative compared to the conventional assembly methods. In general, assembly cost is lower if the required accuracy to be reached is also lower. Unfortunately, only in certain degrees of freedom this accuracy demand is lowered by the application of product-internal assembly functions. This does not permit the use of cheaper, less accurate assembly methods for the overall coarse assembly process. A possible solution is the use of features in the product that assist in achieving the required positioning accuracies, thus by obtaining the accuracy from the fabrication process instead of the assembly process. This approach does enable a further decrease of the assembly cost. Since MEMS-based technology is employed for realising the product-internal assembly functions, it may not involve much additional cost and effort on the fabrication side to include also such features to assist in achieving the desired accuracies in the coarse assembly process.
For the accurate fabrication of passive alignment structures, two technologies are available, both based on lithography for reaching the necessary (in-plane) dimensional accuracy:
Alignment with the use of mechanical stops (compliant positioning) Alignment with the use of liquid surface tension (fluid self-alignment) A mechanical stop can be defined as an embedded functional surface in a part to be assembled which constrains the fine motion between the part to be assembled and the sub-assembly during alignment. For each degree of freedom two contact areas and one alignment motion need to be defined. The contact areas have to be mated in the fine motion step by compliant actuation forces.
Alignment accuracy can also be increased using surface tension. In order to join two parts together, bonding materials like solder or adhesives need to be in a liquid phase. Surface tension forces occur, which can cause relative movement between parts to be assembled. By smart positioning of wettable surfaces during the fabrication process and by accurate control on the volume of the bonding material, surface tension within the liquid can be used for accurate positioning of small parts during the coarse assembly process (see Figure 6 ). Earlier-performed research4-'' has shown that surface tension forces within solder are able to align parts with high accuracies. Parts with an initial alignment of i 20 pm can be aligned up to k 1 pm and 0.1" accuracies in the in plane (x, z) directions and -i: 0.5 pm in y-direction (height). In various researches the above two technologies have been applied in silicon to attain high alignment accuracies for optical applications. The silicon base parts in these researches are generally referred to as silicon optical bench (SiOB) or silicon w a f e r b~a r d .~,~'~~-~" The present research could be considered as an extension to this concept, in which also active assembly functionality is integrated with the product. In the specific case considered as well both mechanical stops and fluid self-alignment have been utilised.
Part relation tolerances
Three main part relations need to be established: Assembly of the actuator part to the base part; Laser diode to base part assembly; Fibre insertion into the actuator part. Assembly of the actuator and of the laser diode are proposed to be performed using solder self-alignment techniques. Wettable solder pads are to be integrated into the actuator part and the laser diode as well as in the silicon base part. Integrating fluid self-alignment features using MEMS technology is simpler than creating mechanical stops with comparable outof-plane accuracy. This is the reason that for the two planar part relations (laser diode to base part and actuator part-base part) this option has been selected. For the fibre-actuator part relation mechanical stops are more appropriate due to the more complex contact interface and the fact that it is very difficult to create high accuracy alignment features in the fibre part. Due to the specific characteristics of the fibre part it is only possible to constrain the position in four degrees of freedom (x, y, 8, and 8,). Tolerance build-up in these directions between chip and fibre are eqected'to be around -0.5 p m to 0 pm and -0.1" to 0" respectively due to a deliberate alignment of the fibre relative to the actuator end effector with a negative offset (so that the parts in all cases make contact with each other).
In the specific case under consideration a lensed fibre tip is used. This tip can either be rotation symmetric or non-rotation symmetric. Build-up of tolerance in the 8,-direction can be neglected for rotation sylnmetric fibre ends; for non-rotation symmetric fibre ends the angular misalignment in 0, is not allowed to exceed i lo0, which is not considered critical. Tolerances on the fabrication of the fibre tip generally are so large that mechanical stops cannot be used for successfully achieving the desired positioning accuracy in the longitudinal (z) direction. Instead, for achieving the critical alignment tolerance in z-direction of + 0.5 pm of the fibre tip relative to the laser diode facet (optimal offset 4-5 pm) still a highly accurate insertion is needed, which is an undesired situation. The fibre could be maintained in place for example by mechanical clamps integrated in the actuator chip. After this final coarse assembly step the alignment of the fibre tip in x and y-direction can be performed actively using the product-internal assembly functions.
An overview of the attainable coarse assembly tolerance build-up for the three main part relations is presented in Table 2 . A schematic side view of the individual parts to be assembled is given in Figure 7 . The attainable tolerances for the laser diode and the actuator part relative to the silicon base part depend entirely on the fluid self-alignment process and are taken from literature. 
CONCLUSIONS
For specific applications the method of micro-assembly by means of product-internal assembly functions could be a promising alternative to conventionally used methods for micro-assembly tasks. A significant degree of design complexity is involved, especially in realising the desired positioning accuracies, due to the existence of a high level of interrelations between a number of closely connected issues that play a role within this assembly method.
Two basic approaches can be distinguished for obtaining the desired positioning accuracies during the coarse assembly process: (1) obtaining the desired coarse positioning accuracy from the assembly process, or (2) from the fabrication process. The last is considered essential for achieving high positioning accuracies at relatively low cost.
At this stage no optimal overall assembly solution has been found for this specific case under investigation. In this research a sequential approach has been taken from fine to coarse assembly; a more optimal result should be feasible in a concurrent development approach.
